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Introduction. The article is devoted to the search for a method 
of reducing the effect of friction links mobility industrial robot 
PR (production mechanism PM) with frequency-controlled 
electric drive (FCED) on the static error (accuracy) positioning 
of the working body (WB) when moving in a low speed zone. 
The random character of friction forces changes in the 
implementation process start-braking modes of induction 
motor (IM) operation create difficulties in performance 
specified technological process parameters. The formation of 
pulsating moments on the IM shaft, due to the stator IM 
current harmonics, combined with the friction torque of the 
moving parts in the IR (IM) guide, accompanied by a 
deterioration of the WB (IM output link) movement dynamics. 
Materials and Methods. To correction the motion of the WB 
(PM output link) in the IM start-brake modes, the authors 
proposed to use dual-mode control of the Autonomous voltage 
inverter (AVI), providing software control of the IM stator 
current harmonics amplitudes and the _ corresponding 
regulation of the pulsating moments on the IM shaft by 
introducing a multiple "m — submodulation" of the AVI 
carrier frequency (CF). 

Results. The simplified representation of the FCED block 
diagram with local and global negative feedbacks (GNF) 
allowed to reveal the features of specific parameters influence 
on the static error 6 and the FCED dynamic stability with the 
limiting gain of the corrective amplifier K1. 

Discussion and Conclusions. The introduction of rotor "micro- 
vibration", allows the IM "conditionally reduce" the moving 
link friction force in the guides, reduce the drive power to 
overcome the friction forces. The use of dual-mode control 
AVI expands the scope of use of scalar control in process 
equipment, multi-link mechanisms of automated production, 


operating in the zone of "low and creeping speeds". 


” The research is done within the frame of the independent R&D. 


JloHcKol rocyjapcTBeHHBIM TeXHU4eCKHH yHuBepcuterT, Poctos-Ha-Jlony, Poccuvickaa Deyepanna 


Beedenue. Paccmatpupaetca TpeHve 3BeHbeB TOJIBYXKHOCTU 
IIpOMbIMIeHHOrO pobota (IIP) mpou3BoyCTBeHHOrO MexaHi3Ma 
(TIM) c 4YacTOTHO-ynmpaBsIteMbIM 93sIeKTpompHBOOM (YYDII). 
Llenb padorbl — MOWCK MeTOJIa CHYDKeHHA BIIMAHUA TAaKOTO Tpe- 
HUA Ha CTaTH4eCKY!O MOrpellIHOCTb (TOUHOCTS) MO3HIMOHUpOBa- 
Hua padoyero opraHa (PO) npv TBYwKeHHM B 30HE MasIOM CKOpO- 
cTu. Ciry4avHbIi XapakTep U3MeHeHHA CHJI TpeHHA IIpH peasiu3a- 
I[MM ITYCKO-TOPMO3HBIX PexXKHMOB paOOTbI ACHHXPOHHOrTO JBUTa- 
Tesa (AJ]) co3qatoT TPyYAHOCTH B JOCTWKeHHM 3a/JaHHbIX Mapa- 
MeTPOB TeXHOJOIMYecKoro mpolecca. Ha Bary AJ] dopmupyrot- 
CA IYJIbCMpyrOllle MOMeHTEI, OOyCOBJICHHbIe rapMOHHKaMU 
TOKa cTaTopa AJ]. DTo aABIeHHe B COUeTAHH C MOMeCHTOM TpeHHA 
TOJBMWOKHBIX 3BCHbeB B HalipaBsiarouux ITP (IM) composoxya- 
eTCA YXyMINeHHeM JMHaMHKM JBWKeHuA PO (BbIXOTHOTO 3BeHa 
TIM). 

Mamepuaioi u memoooi. Jia KoppekTupoBKH BwKeHUA PO 
(BbIxOHOrO 3BeHa ITM) B ItyCKO-TOPMO3HBIX pexKHMax padoTHI 
AJ] aBTopbl cTaTbu IipefslararoT UCHOIIb30BaTb JIByXpexKUMHOe 
ylipaBlieHie aBTOHOMHBIM HWHBepTOpOM HarpsKeHua (AMH), 
oOecrieuuBatolllee MporpaMMHoe ylipaBIeHve aMIIMTyaMu 
TrapMOHUK ToKa cTaTopa AJ] u COOTBeTCTBYIOLIee perysMpoBaHHe 
ITyJIbCHpYyFOWMX MOMCHTOB Ha Bally AJ mocpeCTBOM BBeJIeHHA 
KpaTHOW M-HOAMO IAM Hecylei 4actots! (HU) AMH. 
Pezyibmamel = ucciedoeaHus. YipomleHHoe lpeycTaBseHve 
CTpyKTypHouw cxembl UYOIT c MecTHOHM u rIo0abHOM OTpHa- 
TCJIBHBIMH OOpaTHbIMH cBaA3hMH (OOC) T03BOJIMJIO BbIABHTb 
OCOOCHHOCTH BJIMAHHA KOHKPeTHBIX WapaMeTpoB Ha cTaTHYe- 
CKYIO IIOrpelIHOCTb 6 MH JJMHAMMYeCKYIO YCTOMYMBOCTh padoTHI 
YYOII c npeyembubm KoopdulneHTOM ycuJIeHuA KOppekTupy- 
roulero ycummTena K1. 

O6cyorcoenue u 3aKiroueHuA. BBeyeHue MUKPOBHOpalinn poTopa 


AJ] 1lo3BOJIAeT YCIOBHO YMeHbIMAaTb CHITy TpPeHHA TBMKyMeroca 
3BeHa B HallpaBJIAFOUMX, CHWKAaTb MOIMIHOCTb IpuBOa Ha lpe- 
onouIeHve cu TpeHua. [Ipumenepue AMH c aByxpexHMHBIM 
ylipaBlieHvem paciiupset cbepy ucnowb30BaHua UYDIT cKansap- 
HOrO yipaBsIeHHaA B TeXHOJIOrMYeCKOM OOoOpyOBaHHu, MHOro- 
3BeCHHbIX MeXaHW3Max aBTOMAaTH3HpOBaHHBIX TPOW3BOJICTB, pa- 


OOTAIOIIMX B 30HE MaJIbIX HW NOI3y4Hx CKOpocTel. 
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Ku1104ueBbIe CJIOBAa: TIPOMBILNJICHHbIN POOOT, 3BeHO MOJBYK- 
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Introduction. When selecting an industrial robot (IR), the most important parameters are its possible technical 
characteristics for carrying out transport and technological operations with programmed precision in movement of the 
working body (WB) desired when assembling the joint, processing parts, and implementing special work under the pro- 
duction conditions and in emergency situations. Such a task is usually considered when designing the kinematic chain 
(KC) of the IR (or other production mechanism of the PM) designed to perform complex movements of the WB in the 
shortest, most rational way (for example, during processing, assembly, painting of the product in a closed space and 
other special cases including technogenic catastrophes). Such capabilities can be expected from IR with enhanced ma- 
noeuvrability at seven or more degrees of mobility provided by various combinations of links and kinematic pairs [1-3]. 
At the same time, components of the reaction force vector and moments for coordinate systems rigidly connected with 
movable links are changed in the KC. Here, it is necessary to consider the impact of friction forces in rotating and slid- 
ing kinematic pairs, both of an individual link and of the multilink mechanism as a whole, which determine the total 
resistance to the movement of the WB of the IR (or the production mechanism of the PM). Since friction forces in kin- 
ematic pairs are of random nature, depend on a number of factors and determine the mechanical efficiency, and the dy- 
namics of the movement of the multilink mechanism, the search for a way to reduce the effect of friction on the funda- 
mental losses in the mechanism and to improve the quality of movement of the WB remains in demand. The need for 
solving this problem is also due to the fact that these factors impede stability in the development of the programmable 
operating mode of the IR (or of the law of WB motion) by the automatic control system in the low-speed zone. A spe- 
cial impact of the friction forces is manifested in a decrease in the positional accuracy of the WB, both in discrete and 
continuous IR operation in the form of an error in motion path following of the multilink mechanism. In addition, it is 
also necessary to consider the components of the angular and linear errors of motion of the links of the mechanism de- 
pending on the actual values of the forces (moments) of dry friction in the joints and of random nature. Unpredictability 
of the friction effect on the programmable result of the the output link of the IR (PM) motion significantly worsens the 
dynamic processes in the FCD and complicates the task of correcting the nonlinearities of its structural scheme of the 
automatic control system. 

To reduce the static error in the drive operation due to the dry friction, the following is used: local negative 
feedbacks (NFB), increase in the gain constant of the pre-amplifier (to a critical value of the entire system considering 
the system order) and other known approaches [4,5]. A real change in the forces (moments) of friction in the joints of 
the multilink IR mechanism determines the search for the best decision to reduce the effect of dry friction on the most 
important indicators of the WB motion, to increase the energy efficiency of electric energy conversion in the frequency 
drive system during the process. 

The key objective of the paper, according to the authors, is to familiarize a reader with the possibilities of using 
controlled “micro-vibration” in the joints of the rubbing parts of the IR under special control of an autonomous voltage 
inverter in a frequency electric drive based on a three-phase squirrel-cage induction motor (IM). The possibility of pro- 
grammatic influence on the level of the oscillatory IM shaft torque (under the introduction of the “m—submodulation” 
mode of the carrier frequency of the AVI) provides changing M7 p value, improving the static and dynamic indices of the 
FCD. 

Materials and Methods. The authors of the paper see a solution to the problem in the method of using oscilla- 
tory rotor shaft torques formed by the stator current harmonics in the FCD to introduce controlled “micro-vibration” of 
the rubbing movable links of the IR mechanism under consideration. At that, in the low-speed zones, the breakaway 
torque of the movable IR link can be programmatically changed to the torque creep, which is due to a decrease in the 
effective friction coefficient K,, to the minimum level [5, 6]. Such a state between the rubbing surfaces of the mecha- 
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nism links can be created through controlling the amplitude of oscillatory IM rotor shaft torque and changing the effec- 
tive coefficient of friction K3 under the bimodal control of the AVI [7,8]. 
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The above guidelines are considered in the paper in relation to the structural diagram of the multilink IR mech- 
anism (in any coordinate system), where it is possible to distinguish a kinematic pair of horizontal displacement of the 
movable output WB link, for example, an extended arm with a gripping device (GD). The link is moved by an individu- 
al FCD running on the “AVI-IM” system with bimodal control of the AVI [9]. Validation of the possibility of “chang- 
ing” the friction force in the joint of the links (guides) can be obtained through analysing the design FCD model with 
the output mobile link IR (or PM) WB by indicating the forces acting on it (Fig. 1). The following notation is intro- 
duced in the model: Mj is engine torque; (2; 1s rotational speed of the IM rotor; c is stiffness of the connection PM with 
IM; M3 is moving torque at the link input (resistance torque “minus” M37) at the IM shaft; @, is the angle of rotation of 
the PM (IR) input link; @37 1s output IM shaft angle; F(Z) is total (external) driving force; Frc is friction force in the 
guides; F’; is process resistance force; NV 1s normal pressure force of WB with mass m, ©® is vibrational component of the 
total driving force F(t). 

The equation of the IR (PM) link motion along the longitudinal axis x can be written in the following form: 


mx = F(t)— Fy — Fic. (1) 
N 
Oy -Msn MO 
C 
Le) F(t) Fr 
ia seat} Pop 
My Qsn Man Fre 
mg 


Fig. 1. Calculation model of the production mechanism mobility link 


The friction force Fyc in the expression (1) can be represented by the components: 

Pro =fon =f +c; (2) 
where yz 18 static friction force, Fy 1s Stribeck friction force [10], Fc is Stribeck friction force. Graphical dependenc- 
es corresponding to these concepts are shown in Fig. 2. 


TpeHHe IITpH6exa 
F, Hy (Stribeck friction) BA3KOe TpeHHe 
(viscous friction) 





cyxoe TpeHHe 


1 (dry friction) 





-_ 
v, M/c 





a) 
Fig. 2. Friction characteristics: a) with a break near zero speed of the link in the guides, 5) without a break near zero speed 


Considering the expression (2), when the static friction force Fy, under the operating conditions of the IR can 
vary over a wide range, 1.e. Fryp/Fo ~ (0.1 ... 2.5), the required value of the external (total driving) force F(t) (for dis- 
placement of WB) should correspond to the relation F(t) > Fry + Fr [10]. In reality, the nature of the static friction force 
Fy dependence on the speed (V) of the mobility link displacement (in the low-speed zone) is different, and there is a 
good reason to consider it as an example of a continuous function (Fig. 2, b). Here, the friction force Fy, law complete- 
ly reflects physical processes in the mechanical contact distributed in the plane between the bodies — movable links of 
the IR in a small area of speed where V — 0. The Stribeck friction characteristic Fy has a negative slope in the low- 
speed zone (Vu — Vn) relative to the displacement of rubbing bodies. The sum of the forces Fy, + Fc at the boundary 
of the low-speed range (0 — Vj) (or near linear zero speed) forms the static friction force Fy (“stall friction force” [11- 
13]. To disturb the state of relative rest of a solid body (in the motion guiding connections), “vibrations” of the body are 
often used. They are provided by an external force F(t) > Fy due to oscillatory torques from the IM shaft harmonics 
[14-17]. If the bimodal control of the AVI in the simplified block diagram of the FCD (Fig. 3) with speed feedback 1s 
used, then the controlled “micro-vibration” of the IM rotor can be programmatically specified, and the longitudinal 
(transverse) pulsating force ® (or vibrational component) (Fig. 1) of the total driving force F(t) can be generated. 
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Fig. 3. Simplified block diagram of FCD movable PM link 


In Fig. 3, the following notation is used: U3 is the task control signal for the output coordinate; W,(p), W2(p), 
W3(p) are transfer functions of the compensating amplifying link (device), autonomous inverter AVI, asynchronous 
motor IM, respectively; Koc is the gear ratio of the speed feedback link; Upc is the speed feedback signal; Q is the 
angular IM rotor speed; My, Mc are moments of propulsive forces and resistance forces on the IM shaft, respectively, 
including the friction torque Mpp. 


Research Results. It is known that closed-loop automatic control systems (ACS) covered by the feedback 
(FB) are prone to unstable operation [18], which requires a careful analysis of the parameters of each element of the 
control loop when searching for the motion control law of the WB as a transmission link including mechanical movable 
links considering various components of the friction torque Myp (from the rest force Fy and dry friction force Fc) [19]. 
In the multilink mechanisms with an individual drive, Mrp can vary over a wide range, which generally complicates the 
system. It is possible to improve the quality of the transient process in the drive through introducing a local NFB from 
the inertial link output (IM) to its input (Fig. 4) by switching on the link with the transfer function Wo(p) [4]. In the 
global NFB, the signal is fed by speed to the input of the compensating amplifier with the transfer function W,(p) 
through the comparator (node 2). 





Xpx(p) Xpurx(P) 


Fig. 4. FCD transformed block diagram of PM mobility link 


Having selected a straight section of the control system circuit with IM covered by the link Wo(p) of the local FB in the 
block diagram, we will replace it with an equivalent link with the transfer function [4.19] of the form: 

W.(p) = WAP): (P) _ WP) MP) 
1+W\p)  1+W(p) Wp) Wp) 
where W"(p)=W3(p): W4(p): Wo(p) is the open-loop transfer function of the inner circuit. 
With the simultaneous action of all disturbances (according to the input and load control when mrp changes), the result- 
ing value Wpyz:x(p) in the linear control system can be represented (by the superposition method) as the sum of individu- 
al reactions from external actions separately. If we accept the correspondence of the input signal Xpx(p)—/;(p) as the 
specification of the frequency of the IM stator current, and Xppix(p)~nq(p) 1s the output frequency of the mechanism 
shaft speed, then the resulting operator expression with respect to the output quantity can be written in the form 


Xo (p= LAP) HP) ASP) TP) | (5) 4 Wal) oP) 


1+W(p) 1+W3(p)-Wa(p)-Wo(p) 
where W(p)=W(p): W(p): W3(p): Ws(p): We(p) 1s the open-loop transfer function of the outer duct. 

While investigating the control block diagram with the given parameters of the power circuit elements, simpli- 
fied relations can be used for the transmission links [20, 21]: 

— AVI transfer function 


Kup 
W.- = ————__.,, 
2(P) Tw: pt+l 


; . U, 1. 
where kp is the transmission coefficient of the frequency converter, ki» = ra : Tw = — 1s the time constant of the tran- 
1 K 


sistor frequency converter (AVI); fx is the value of the modulation carrier frequency (3-50 kHz); Uj», fi: are the voltage 
and frequency of the IM current phase, respectively; 
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— IM transfer function by control action 
n k 
W3(p)=—— - 


f(y) TyoTomp’+ Typ tl’ 





ie 





where the parameter /|(p) 1s determined from the ratio f; = Hz for the calculated range of D — regulation of the IM, 


Jin 18 the nominal voltage frequency of the IM; ky is the transmission coefficient of the IM; ky = 60/p , where p is the 
number of pairs of the IM poles; 


— transfer function of an induction motor in a disturbing action from a static load moment mc 








60 1 

T. p+l 

W. (p)= ny (P) _ 2 lo | oP ) 

3 — a ee a ree 
M(P) — TmMo!5MP +1uoP +1 
where 

2 2 R, 
3U ip P Sava 
S, 

Kyx9 = 


Af’w[(R. +R 


R 

106 as eo) ss xX, ] 
S, 

where R’, is the reduced real resistance of the rotor to the stator, S is the design slip, X_ 1s the total inductive resistance 

of the stator and rotor, R, is the nominal real resistance of the IM stator winding phase, Rj,¢ 1s the design real resistance 

Aan frIyhRs . 

an i SDR is the 
SUP 

xX 


K 


2af R5 


of the IM stator winding in the voltage-frequency correction mode characteristics [18,19]; Thyy>5 = 





electromechanical time constant of the IM, Jp is the reduced moment of inertia of the drive; 75). = 


— electromagnetic time constant of the IM. 


The transfer function of the IM under the impact of the (external) frictional torque Mryp can be represented by 
the conformance of the generation of the electromagnetic torque of the IM to the rotor current (at the constant stator 
magnetic flux (Wc = const) as the transfer coefficient ky calculated from the relation: 

W,(p) = kip, =P 
aT 
Given the reduced moment of load inertia, the developed dynamic moment Myyy on the IM shaft in the transi- 


tion mode of the FCD operation can be represented by the relation: 
CQ 
J 33 a =M,-(M@,+M,), (3) 
where My is the IM electromagnetic torque. In the node 3, the right-hand side of the equation (3) is conditionally 
solved through introducing the AVI control in the “m— submodulation” mode, which enables to programmatically 
change the set frictional torque Myyy (or the breakaway torque) by the amplitude variation of the pulsating moment on 
the IM shaft. It should be noted that in the multilink IR mechanisms, the frictional (breakaway) torque can vary by 1.5— 


2.5 or more times in comparison to the moment of dry friction. The conversion of the shaft speed measurement units 





(from rad/s to rpm) is carried out through the transfer function 


nN 
W.(p) =k, =, 
“(p) CK QO 


0 





where 79, Qo 1s the IM shaft rotation frequency, rpm, rad/s, respectively. 
Link 6 of the structural diagram is an instantaneous link characterizing the natural feedback on induced coun- 
ter-EMF of the IM. In this case, the design transmission coefficient k’5 will be 


We(p)= k's, 
where 
ky = Sf__ Pe 
60f 60 
P 
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The transformations performed provide the overall gain of the FCD system ky through the corresponding coefficients of 
individual links: 
ky =k, - kup - ky ‘Kya Kx: k'5. 

It is known that the static error 6 caused by the dry friction moment Myyy in closed systems can be reduced by 
introducing local parallel and sequential high-speed feedbacks into the system which can be seen from the relation 
[4,5,20] 

Mk 


TP M9 


k ky 
where k, is the amplifier gain of the compensating link (for example, when the PID controller is turned on); k’5 is the 
speed sensor gain. However, an increase in x, greater than a critical value is accompanied by an increase in ky, and at 
ky => kxp, a critical value in the drive, self-oscillations, loss of stability can occur. 
In this case, kp is 1n (1+ Ay) times higher than in a system without feedback, which reduces the static error of the sys- 
tem 6 additionally with a decrease in the moment Myyy when introducing a controlled micro-vibration of the IM shaft 
in the “m—submodulation” mode of the AVI operation. 

Discussion and Conclusions. The studies performed allow us to conclude: 

1. The application of bimodal control of an autonomous voltage inverter in the FCD provides the improve- 
ment of an industrial robot (or RM) in the low-speed zone of the working body. 

2. The use of program-controlled “micro-vibration” of the FCD IM rotor provides a predetermined decrease in 
the frictional (“breakaway’’) torque in the multilink movable mechanisms, reduces the level of static error of the system 
by 1.5-2.5 times at an underestimated gain of the compensating amplifier, and increases system stability under the dy- 
namic control modes. 
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